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Experimental Determination of the Electric Field and Charge

Distribution in Magnetically Insulated Ion Diodes*

Y. Maron®
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Laboratory of Plasma Studies, Cornell University
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We have measured the electric field distributioxl across the high voltage gap of a

magnetically insulated int‘énse ion beam diode by observing the Stark shift of line-emission
from ions accelerating in the gap. The measured distribution yielded the time dependence
was pbsery
of the actual diode gap. We—ebsewej Eapid gap closure ‘early in the pulse, resulting
from expansion of the electric field-excluding electrode plasmas in the diode. This can
contribute substantially to the previously observed ion current d~nsity enhancements over
the values calculated based upon the mechanical diode gap. Assuming planar geometry
the electric field distribution was used to determine the electron density across the diode
gap. This was compared with one-dimensional Brillouin-flow model calculations using the
actual acceleration gap. The electrons were observed to spread towards the anode beyond
the region of the theoretical electron-sheath. The electron presence near the anode was
further enhanced when a cathode vane was used. In addition, an increase in the total

electron number in the gap relative to analytic theory was inferred. This serves to explain

the enhancement of the measured ion current density over the one calculated using the
el
¢
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actual diode gap that we observed for the conﬁgﬁration tested.
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I. INTRODUCTION

Crossed electric and magnetic fields have been applied in a variety of high power
charged particle beam devices. The magnetic field may be externally applied or it may be
produced by the large beam currents in the device. Examples are: 1) magnetically insulated
ion diodes!~3 for the generation of intense ion beams; 2) plasma erosion switches*® for high
current switching; 3) magnetrons® for the generation of high power microwave radiation;
and 4) high power electron diodes’. A common feature of these devices is that electrons
and ions (drawn from the cathode and the anode plasmas, respectively) are accelerated by
electric fields > 1 MV/cm which prevail in gaps of a few millimeters to a few centimeters
width between the electric-field-excluding plasmas in the devices. While the ions (being
little affected by the magnetic fields) move in the acceleration gap along nearly straight
trajectories, electrons execute complicated gyrations and drifts.

In magnetically insulated ion diodes, a magnetic field is applied parallel to the elec-
trodes in order to inhibit electron flow to the anode, thereby enhancing the ion generation
efficiency of the diode relative to the few percent or less predicted by space charge lim-
ited flow calculations?. Equilibrium solutions®~1° for the electron and ion flow yield the
distribution of the electric potential and the charge density in the gap under the key
assumption of one-dimensionality. However, the actual charge flow does not obey these
solutions, probably due to the finite size of the diodes!!, the non-uniformity of both the
value and the direction of the applied magnetic field?''?, and non-uniformities of the plas-
mas in the diodes!3:14. These problems are demonstrated by a substantial electron flow to
the anode (which significantly reduces the diode efficiency and causes damage to the anode
surface) in spite of strong magnetic insulation. Such non-ideal configurational effects may
also result!3:15 in a considerable divergence of the ion beams, which imposes limitation on

their usel®,




Measurements inside high power diodes are difficult to perform due to the small gap
spacing and high voltage stress there. Previous to the measurements reported here, only
the plasmas in the diodes have been observed. The high density plasma front motion has
been monitored using interferometry!”—1°, plasma density has been measured by spectral
line-broadening!®:2%, and cathode-plasma temperature has been inferred from line intensity
ratios!®. However, these observations yielded the density profile of only the relatively dense
part of the electrode plasmas (210'®cm™3) rather than the boundaries of the electric-field-
excluding plasmas in the diode. The actual diode gap (i.e., the distance between the zero
electric field positions) throughout the pulse was, therefore, still unknown. Thus, although
possible effects of electrode plasma expansion in diodes have been considered!?:2! =23, mea-
sured ion current densities were usually compared to theoretically predicted values based
on the mechanical (initially set) diode gap. On the other hand, the electron flow in the
gap and the ion current density are very sensitive to the actual diode gap; hence a better
determination of the latter is necessary. Furthermore, no investigation of the potential
distribution in the acceleration gap (between the electrode plasmas) has been attempted
prior to the work presented here.

The present study was motivated by a recent suggestion?4 that the electric field in
the acceleration gap of a high power ion diode can be determined by measuring the Stark
shift of line-emission from ions traversing the gap, as shown schematically in Fig. 1a.
Observation of the spectral profile of specially selected ion emission lines at different dis-
tances z [see Fig. 1(a)] from the anode allows the elect::c fir}d distribution E(z) across the
diode acceleration gap to be obtained. In this scheme, in waich ion spontaneous emission
is observed, the measurement integrates over the line of sight, and the line-emission (col-
lected parallel to the electrodes) is Doppler broadened due to the transverse ion motion
(parallel to the electrodes). The Doppler broadening can be canceled by the use of two
photon Doppler-free absorption of tunable dye laser light to excite the ions?4, which would

yield local measurements of the electric field. Here we report measurements of the electric




field distribution in the gap of a magnetically insulated diode by the spontaneous emission
method. The ions are excited in the anode plasma and are observed while accelerating
in the diode gap [Fig. 1(a)]. For each position z, the electric field E(x), averaged over a
plane parallel to the anode, was obtained as a function of time in one or two pulses of the
intense ion beam source.

We have measured?® the electric field distribution E(z) for planar diode configurations
and for a vaned-cathode configuration. The E(z) distribution showed that the electric
field-excluding anode plasma expanded rapidly early in the pulse, causing a gap reduction
which considerabl;, affected the ion current density. The determination of the actual
(instantaneous) diode gap throughout the pulse allowed a comparison of measured E(z)
profiles and ion current densities with one-dimensional calculations® for a magnetically
insulated diode which has the measured accelerating gap, voltage, and applied magnetic
field. Furthermore, from the experimentally determined E(z) and charge distributions, it
is possible to obtain the distributions of the electrostatic potential, ion density, and the
electron density. The additional assumption of laminar ExB electron drift motion can then
be used to obtain the distribution of the electron drift current in the diode gap. Finally, the
total electron drift current can be compared with the diode electron current that is inferred
from the measured total diode current minus the ion current obtained from Faraday cup
measurements of the ion current density together with the active diode area. The inferred
electron density distribution showed electron presence close to the anode beyond the region
of the calculated electron-sheath. For the planar cathode configuration this phenomenon
was associated, in certain cases, with a measured ion current density about twice the
calculated one. For the vaned cathode configuration the electron migration towards the
anode was more pronounced and was accompanied by an increase in the total electron
number in the gap. The total electron drift current was about twice the calculated value.
The extra electrons in the gap provide a qualitative explanation for our observed ion

current density enhancement of 3-8 over the value calculated® using the actual diode gap.




II. EXPERIMENTAL SYSTEM

In order to obtain line-emission from ions traversing the gap, the ions must be excited
in the anode plasma and the upper level of the transition must have a life-time about equal
to the ion transit time in the gap (a few nanoseconds). If the lifetime is much longer, the
emission in the gap may be too weak to obtain reasonable accuracy. Secondly, the Stark
shift of the line-emission under the influence of electric fields in the range of interest must
be sufficiently large that the Doppler broadening of the line which results from transverse
ion velocities is not important?4. Proton beam divergences of about 5° were measured
outside the diode used for these experiments?®. If such a divergence were present inside
the diode the Doppler broadening of a visible line emitted in the transverse direction from
ions produced in a 300 kV diode would be of the order of 1 A. For a Stark shift to exceed
this, line emission from a high-lying upper level of a light ion must be used. Alternatively,
heavy ions can be accelerated in the gap?* for which energy levels close to the ground level
can also be sufficiently Stark shifted. Obviously, the shift must also be smaller than the
spectral distance to nearby line-emission. An additional consideration is that the observed
ions must be abundant in the anode plasma (which is composed mostly of protons in
magnetically insulated diodes unless major effort is invested to avoid them!®); the desired
upper level must be sufficiently populated so that the small fraction of ions drawn from the
plasma into the gap will provide sufficiently intense emission. Furthermore, the observed
ions must be easily and reproducibly generated in the anode plasma. Finally, since the
electric field is inferred from the measured line shift, the oscillator strengths of the relevant
dipole transitions should be known relatively well. (The uncertainty in the calculation,
however, only scales the inferred values of E, thus not affecting the distribution of E(z)).
Hence, it may be advantageous to select an ion with one electron in the outer shell.

For our experiments we used the racetrack shaped planar-magnetically insulated

diode?® which is illustrated in Figs. 1(b). The insulating magnetic field (B,=5-8kG)




which inhibits the electron motion across the gap was produced by an external current
through a single turn coil which also acted as the cathode. The dielectric-anode surface
was made up of a 140x50x1.6 mm?® polyethylene sheet (with the long dimension parallel
to B,) drilled with 1 mm diameter holes, 2.7 mm apart. The diode was powered by about
a 400 kV, 80 ns pulse delivered by a 10 2 transmission line mounted on the output of a
5Q) pulse forming line. Typical diode voltage and current waveforms are shown in Fig. 2.

A schematic diagram of the optical arrangement is shown in Fig. 1(c). Line-radiation
emitted in the z direction from a surface parallel to the anode was directed by the mirror
M to a lens L which focused it on the input slit of a A-Minuteman 0.5 m spectrometer.
Light was collected from a volume 14 ¢cm long and 5 cm high as determined by the input
slit length (4 mm) and the demagnification factor 12 of the lens L. The thickness of this
volume in the x direction (i.e.-the spatial resolution) of 0.6 mm was similarly determined
by the slit width of 50 um. The spatial resolution was also checked by observing light from
a point source placed in different regions of the diode viewed by the system.

Using the cylindrical lens CL [see Fig. 1(c)], the spectrometer output was magnified
about 10 times to further disperse the spectrum. It was then directed onto an array of
seven fiber bundles, each 10 mm high and 0.8 mm wide. The width of the spectral window
observed by each fiber bundle was determined by the lens magnification and input slit
width. The spectral resolution of the system for the 50 um input slit was 0.7 A. Each
fiber bundle transmitted the light to a photomultiplier tube, the signal from which was
recorded by an oscilloscope giving a temporal resolution of 8ns. Thus, seven points of a
spectral line profile were obtained as a function of time in a single discharge.

For our measurements, we selected the Al** ions produced in the anode plasma from
an aluminum coating on the polyethylene anode which resulted from aluminum blown off
the anode stalk due to electron bombardment. We used the radiative decay of the 4d level
(20.6 eV) which is Stark shifted mainly due to interaction with the 4f level. The shift

results in a red shifted radiative transition to the almost unshifted 4p level. We made




most of our measurements on the 4dg — 4py (4529.2 A) line although the shift of the
4dg — 4p; emission (4512.5 A) was also observed. The electric field causes the 4d g level
to split into three shifted components. Further modification of the emission pattern results
from the magnetic field (Zeeman effect). For most of our measurements, the entire line
profile could be obtained on a single discharge using the seven channel fiber bundle array
with 0.7 A width per channel. However, when the electric field was > 1.2 MV/cm, the
shifted line profile was sufficiently broad that the complete profile had to be obtained on
two successive shots.

We note that except for the first few discharges after the insertion of a new polyethy-
lene anode sheet, the electric field derived from Al** line-emission was reproducible to
within 10% for more than a hundred discharges, thus allowing us to obtain the electric
field distribution across the entire diode gap using the same diode set up.

The ion current density J; was measured using negatively biased Faraday cups placed
17 cm from the anode. To determine the fraction of ions heavier than protons in the ion
beam, we placed 2 um thick polyethylene foil (which lets through only protons of at least
180 keV energy) in front of the cups. From such measurements and ion time of flight
considerations we concluded that the non-protonic component of the ion beam was about
35%. From observed line-emission from the anode plasma we believe that this component
is comprised mainly of singly and doubly charged ions of carbon, oxygen, nitrogen, and

aluminum.




III. MEASUREMENTS
A. Line-shift measurements

For each diode configuration, we first observed line-emission from a position about 1
mm from the solid anode surface. This region is occupied by the electric-field-excluding
anode plasma. The line emission from this region started about 15 ns, and reached a
plateau about 35 ns, after the start of the diode voltage pulse (denoted here as ¢=0). A
typical profile of the 4529 A Al** emission from the anode plasma is shown in Fig. 3(a)
for t=70 ns. Each point represents the signal recorded by one fiber channel. The profile is
unshifted, consistent with previous measurements?” which showed a negligible shift fcr this
line at our anode plasma density (less than 6 x 10'® cm~3 2°). The observed line-width
was determined by the system spectral resolution. Observations of the emission from the
anode plasma were used to verify that the plasma provided no other line-emission close to
the lines of interest.

The mirror M [see Fig. 1(c)] was then moved to observe ion emission from the acceler-
ation gap. The light signal from the gap began coincident (within our temporal resolution)
with the start of the light signal from the anode plasma, as expected from the short ion
transit time in the gap. Also, it was a few hundred times smaller than that from the plasma
on the electrodes. A profile of the red shifted 4529 A line-emission from the gap is shown
in Fig. 3(b). The signal at the zero-field wavelength (i.e., the signal from the fiber channel
centered at 4529.2 A) was probably due to the unshifted intense plasma light scattered
into the detection system (when it was set to look into the acceleration gap). Indeed, by
varying the position of the window through which the light was extracted from the vacuum
chamber, and placing baffles in the vacuum chamber to block the electrode light, we found
that almost the entire unshifted signal of the 4529 A line initially observed from the gap
was due to scattered electrode light. Therefore, the residual signal at 4529A was ignored
when the ion emission from the gap was unfolded to give the electric field. We note that

at later times, when the anode plasma expanded far enough into the gap to be observed




by the optical system, the measured line-emission became unshifted and about 100 times

more intense, as expected.

B. Unfolding the electric field

In order to determine the electric field from the measured shifted line spectral profile,
we calculated the expected emission pattern along the magnetic field from an ion under
perpendicular electric £, and magnetic B, fields. Both electric and magnetic dipole con-
tributions to the shifts and splitting of the ion energy levels were taken into account. We
considered only the n=4 levels, since the interactions of the 4d and the 4p levels with
levels of n # 4 have negligible effect. For the oscillator strengths we used values calculated

by Cowan?®

. For B, we used the value of the externally applied magnetic field. This
is justified since, firstly, the variation of the magnetic field in our low current diode due
to diamagnetic effects is small®~1°, Secondly, the magnetic field is assumed to totally
penetrate the electrode plasmas based upon the field penetration time scale being short
compared to the pulse length (determined using resistivities of the anode and the cathode
plasmas calculated from the observed plasma conditions!?:1°). Furthermore, the calculated
emission pattern was not sensitive to the value of B, in the range 0-10 kG once Doppler
broadening was included in each component of the shifted and split line.

In the calculation of the predicted spectral line profiles, each component of the 44 § —
4p3 emission was broadened to account for the Doppler broadening due to the ion trans-
verse velocities. The Doppler broadening of the 4529 A line was inferred from our
measured?® Doppler broadening of the 3602 A Alt+ line. The latter line is not shifted
by the electric field; thus its broadening (FWHM ~ 1 A) was used to obtain the Al*+
ions transverse velocities?®. The Doppler broadening of the shifted pattern components
had a negligible effect on the fit of the calculated pattern to the observed one because
- .the broadening does not alter the average shift of the pattern. (The effect of the system

spectral resolution was even smaller than that of the Doppler broadening). Examples of
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calculated line profiles as seen by our spectral system for three values of E, for B,=0 are
shown in Fig. 4.

The electric field was inferred from a least squares fit of the calculated emission pat-
terns for a range of E; (0.4-1.5 MV/cm) to the measured points of the emission spectral
distribution. Since this analysis assumed a single value of the electric field, it gives, for
each position, z, the mean electric field E over the gap region observed by the collection

optics.

C. Tests of the measurement method

We observed line-emission from the gap which should not be measurably shifted by
our electric fields. These lines were Alt+ 5722 A, Alt+ 3602 A, and C*++ 4647 A, all of
which were unshifted. In addition, we observed the shift of the other transition from the
Al*tt 4d level i.e., the AT+ 4512 A line (4d3/2 — 4p1/2). This line-emission must also be
red shifted and, since the shift is determined by the 4f-4d oscillator strength, as is the case
for the 4529 A line, it should yield the same value for the electric field as that inferred

from the 4529 A(with no dependence on the specific value used for the oscillator strength).

Indeed, the measured shift of these two lines yielded the same electric fields well within

the measurement accuracy.




IV. RESULTS

The electric field profile E(z) was measured for two types of cathodes. The first type
(called here the “planar cathode”) is a planar cathode made of a slotted aluminum plate
with an ion transmissivity of 58%. In the second type (called here the “vaned cathode”), a
14-cm-long thin stainless-steel vane was connected to the cathode [see Fig. 1(b)], oppoéite
the top of the dielectric-anode, parallel to the magnetic field lines (the electrons in the gap
ExB drifted downward). The vane projected 3.5 mm into the gap. Electrons originating
from the tip of the vane and ExB drifting in the gap are often described as forming a
“virtual cathode” uver a plane parallel to the anode and including the vane tip!®. The
purpose for using this configuration was to examine whether indeed such a virtual cathode
is formed and if it screens out the electric field from the region between the cathode plasma
and the vane tip. For this configuration we also attempted to check whether the formation
of the virtual cathode is responsible for the observed enhancement in the ion current
density. Using vaned cathodes, we obsecved an ion current density, about 120 A/cm?,
which is significantly larger than that expected based upon the diode voltage, the applied
magnetic field and the mechanical spacing. The anode surface-to-cathode surface spacing
yields a predicted current density of about 8 A/cm?, while the ancde surface-to-vane tip
distance gives about 20 A/cm?. This discrepancy will be discussed in Section V.

Using a planar cathode we measured the profiles E(z) for three sets of parameters:
B=8.0 kG, d,=0.75 cm; B=6.7 kG, d,=0.75 cm; and B=8.4 kG, d,=0.65 cm, where B and
d, are the applied magnetic field and the mechanical A-K gap, respectively. The diode
voltage V4 was measured with a capacitive monitor located at the output of the power feed
to the diode, the signal from which was corrected for the inductive voltage drop between

the monitor location and the diode gap.
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Profiles of E(z) for B=8.0 kG and d,=0.75 cm are given in Fig. 5 at three times after
the start of the diode voltage pulse: =35, 55, 75 ns. Also shown is a profile for the same
d, but for B=6.7 kG. The measurement error indicated in the figures is dominated by the
fluctuations of the PM-tube signals resulting from the weak ion emission from the diode
gap. Some uncertainty in the inferred electric field was also due to the limited spectral
resolution of the system (determined by the number of the fiber channels used to observe
the shifted pattern).

As indicated by the error bars, the smallest measurable value for the electric field was
0.4 MV /cm, observed near the cathode and the anode plasmas. The diode regions between
each of these two points and the closest electrode are occupied by the diode plasmas from
which intense and unshifted line-emission was observed. An upper limit for the actual
diode acceleration gap d (i.e., the distance between the position z, on the anode side and
the position z; on the cathode side at which the electric field vanishes) is obtained from
the distance between the positions at which anode and cathode plasmas are observed as
indicated by intense line emission. A lower limit is determined from the distance between
the positions on the two sides at which an electric field certainly larger than zero (i.e., >
0.4 MV /cm) is measured. These limits determine an uncertainty of £0.075 cm in inferring
the actual diode gap d as a function of time from the measured E(z) profiles. The diode
voltage V can then be obtained from the integration f°d° E(z)dz. This gives 374, 367,
260, and 288 kV for the profiles in Figs. 5(a), 5(b), 5(c), and 5(d), respectively. These
numbers should be compared to the instantaneous capacitive monitor values V;, which are:
355, 355, 306, and 300 kV, respectively. V and V4 agree to within 15%, which is within
experimental error for this pair of quantities (most of which is in the E(z) measurement).

The electric field distributions given in Fig. 5 show that the field-excluding anode
plasma expanded about 3 mm off the solid anode surface during the first 35 ns of the
pulse, then expanded much slower (0.5 mm or less) between 35 and 75 ns. To determine

the anode-plasma expansion velocity during the first period, the formation time of the
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anode plasma must be known. Assuming that the plasma was formed at the solid anode
surfaze at the start of the diode voltage pulse (t=0) or at the start of the AI** line-emission
near the anode surface (t~15 ns) determines lower and upper limits, respectively, for the
axial welocity of the electric field-excluding plasma. Accounting also for the measurement
spati&l resolution this yields a range of 5-15 cm/us. Similar velocities were deduced from
the diservation of C** line-emission.

¥or the vaned cathode configuration, we measured E(z) for do=1 cm between the
anodeand the planar cathode and B=6.6 kG. Our optical system could not observe light
from the top of the diode which ensured that no light from plasma produced at the vane tip
could be detected. Figure 6 shows E(z) profiles for t=35 and 45 ns. A strong electric field
is present at positions between the planar solid cathode and the vane tip. The electric field
vanistes only at the cathode plasma as in the cases of the planar cathode configurations.
Thus the virtual cathode formed by electrons emitted from the vane tip does not cause the
electic field to abruptly drop to zero at the x position of the vane tip. This is consistent
with # simulation results by Desjarlais and Sudan3®. Note that the anode plasma expands
about3 mm during the first 35 ns of the pulse for the vaned cathode configuration, as for

the plnar cathode configuration.
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V. DATA ANALYSIS
A. Electron Density Distribution

We analyze our measurements assuming one-dimensional geometry. We also assume
that the electric field profile E(z) is constant over a period equal to the ion transit time
in the gap since no significant variation of the electric field could have been observed on
this time scale with the oscilloscope used. For each time instant we normalize our E(z)
data points to give [, : °* E(z)dz = V4. We then draw smooth curves through the normalized
E(z) points, as shown in Figs. 7 and 8 for the data sets given in Figs. 5 and 6, respectively.
Here we note that the electron density is determined by the local derivative of these curves.
Therefore, since the curves are subjectively drawn, the electron-density distributions which
we present from them should be regarded only as approximations. Later on we will discuss
a quantitative analysis in which no use of these curves is made and for which error bars
can be assigned.

We now compare our results to calculations based on the one-dimensional relativistic
Brillouin-flow model® analyzed by Antonsen and Ott. We calculate the E (z) profiles for
each time instant using the instantaneous diode voltage V3 and the actual instantaneous
diode gap d (determined as explained in Sec. IV). We use the applied magnetic field B,
for the magnetic field in the gap, as discussed in Sec. IIIB. Calculated E(z) profiles are
shown in Figs. 7 and 8. There is a noticeable tendency for the experimentally determined
electric field to be higher than the calculated one in the region close to the anode. The
difference is enough to be beyond the error bars of the measurement for the vaned-cathode
configuration (Fig. 8). The difference between the measured and the calculated E(z)
profiles can occur if electrons are present close to the anode, unlike the model prediction
of an electron-sheath confined near the cathode. (Notice that the maximum measured
E-field is close to the anode while the boundary of the theoretical electron sheath is the
point of maximum calculated E.) This can be demonstrated quantitatively by calculating

the electron density profile n.(z) from the E(z) profiless. To this end, we obtain the
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potential profile p(z) across the gap, p(z) = V4 — [ E(z)dz, from which the ion velocity

profile can be determined:

vi(z) = (2e(Va — p(2)) /m:) /2,

where e is the ion charge, m; is the ion mass, and v;(0)=0. From v;(z) we obtain the ion
density n;(z) = J;/evi(z) using the measured ion current density J;. To determine n;(z)
from J; we estimated that the beam non-protonic component has an average charge e and
mass 10 my, where e and m, are the electron charge and the proton mass, respectively (in
keeping with the discussion in Sec. II). The uncertainty in this estimate does not affect
the conclusions drawn below. A differentiation of the curve assumed for E(z) can now be
used to yield the electron density profile:
,4E

ne(z) = n;(z) — 5.53 - 10 s (1)

where n;(z) and n.(z) are expressed in cm~2 and 4 isin MV/cm?. The profiles n.(z) thus
obtained are compared in Figs. 9 and 10 to the calculated® ones for the measured electric
field profiles shown in Figs. 7 and 8, respectively. This comparison shows the tendency
of the electron cloud in the diode gap not to be confined to a relatively narrow region
near the cathode as the Brillouin-flow model requires. The enhanced electron presence
outside the theoretical electron-sheath region is seen more clearly for the vaned-cathode
configuration (Fig. 10). Also, the spatial spread of the electron cloud towards the anode
in the vaned-cathode case is significantly larger than the spatial resolution of our system.
Evidently, the vane tip emits electrons which provide the electrons near the anode, as will
be further discussed shortly.

Diffusion of electrons toward the anode from the cathode sheath has been treated
theoretically3!:32:14, Mouthaan and Susskind®! suggested that electron transport across
the magnetic field in a smooth-bore magnetron occurs due to the random fluctuations of

the fields (brought about by a presumed instability in the electron flow) which cause the
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electron positions to become a random function of time. On this basis they obtained spatial
distributions (falling off towards the anode) of the electron charge and current density
across the gap (no ion presence was assumed). Poukey and collaborators®? suggested
electron migration towards the anode due to the presence of an electric field E, in the
electron-drift direction that reduces the energy of the electron distribution. A significant
electron pile-up near the anode was deduced for E, about 10% of the vacuum E, field.
Desjarlais and Sudan!4 showed that small perturbations of the potential may bring about
stochastic transport of electrons in the gap, leading to electron convection to the anode.
They also pointed out the large sensitivity of the electron trajectories to small perturbations
for equilibria near the Brillouin-flow state.

For a quantitative analysis which is much less dependent on the assumed E(z) curves
we proceed as follows. We define the total electron number N.(z) = [ n.(z)dz per cm?

between the cathode plasma boundary position z. and a position z in the gap, given by:

Ne(z) = 5.53 - 10'' E(z) + Ny(z), (2)

where N;(z) is the total ion number per cm? between z. and z, and E(z) is expressed in
MV/cm. A lower limit N, for the total electron population per cm? in the diode gap is
given by N,(z,), where z; is the smallest z (i.e., closest to the anode) at which an electric
field > 0 is measured. [For instance, £;=0.35 cm and E(z,)=0.95 MV /cm for the profile
shown in Fig. 5(a).] The electron population in the region z < z; cannot be inferred
from our data due to the large error in the electric field measurement very close to the
anode plasma and the rapid rise of the ion density there. The total number of ions in the
region z > z; can be determined relatively accurately since the ion density in this region
changes relatively slowly, being within a factor of 3 of the fully-accelerated-ion density
at the cathode. This is because the ions at the point z; have already accelerated to an

energy of a few tens of keV. We will shortly return to the error bars of the various inferred

parameters.




We now use the theoretical model® to calculate the electron-sheath thickness s and
the total electron number Ny, per cm? in the sheath (i.e., the theoretical number in the
entire gap) as a function of time. In addition, we obtain, using Eq. 2, the experimental
electron number N, per cm? in a slab of thickness s adjacent to the cathode plasma i.e.,
N, = N (z2) where z; = z. — s. We define a = N;/Ny, and 8 = N;/N,. a—1 is a lower
limit for the fractional difference between the total experimental electron number in the
gap and the calculated one. 8 — 1 is the ratio of the number of electrons in the gap which
reside outside the theoretical sheath region to the number of electrons within the sheath
region. Assuming the ion current is space charge limited, one expects32:32 that for the cases
for which both a and § are larger than unity, the measured ion current density would be
larger than the theoretical one. The theoretical ion current density J;;» is obtained from
the value given by the model® (for the actual diode gap d) by assuming that the ion beam
is comprised of 65% protons and 35% singly charged ions of mass 10m,, as mentioned
above.

Table I lists the experimental parameters, the experimentally determined diode gap
d, the calculated sheath thickness s and the calculated total electron number in the gap
Nip, the inferred electron number N, in the theoretical sheath region, the inferred electron
number N, in the entire diode gap, and the corresponding ion numbers in these regions
(Ng and Ny, respectively), at a few times for the three planar cathode configurations
and the vaned-cathode configuration. Also given are the ratios a and f defined above,
the actual ratio B/B. of the applied magnetic field to the critical magnetic field** (B. is
determined using the actual diode gap d), the measured ion current density J;, and the
ratio J;/Jitn. Figure 11 shows J;/Jin as a function of a and B using all the cases listed
in Table I. In spite of the large error bars the results show that for most of the planar
cathode cases, a and 8 are close to unity. This implies that for the planar configuration,
the measured ion current density should tend to agree with the calculated value®¢. Indeed,

for most of the planar cathode cases studied, the ratio J;/J;:n based upon the actual diode
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gap is close to 1. The cases for which a and § seem to be relatively large are the cases
numbered 6 and 9 in Table I (see the points marked 6 and 9 in Fig. 11). The results for
these two cases suggest, that for a relatively low magnetic field or a narrow planar gap,
respectively, large electron population and electron migration towards the anode can occur
late in the pulse (¢=75 ns). The corresponding enhancement J;/J;;;, may be about 2, as
shown in the figure.

Markedly larger values for @ and § are obtained for the vaned-cathode configuration.
The total electron number in the gap is more than twice the calculated value (¢>2) and the
excess electrons reside mainly outside the region of the theoretical electron-sheath (3 ~2).
For this diode configuration a relatively large enhancement of the ion current density was
observed, J;/J;p ~ 3-8, as shown in Fig. 11. Such an enhancement evidently results from
the electron accumulation near the anode, as discussed above.

The relatively large electron population close to the anode (82>2) in the vaned cathode
cases can be reasonably understood since the vane-tip projects farther than the zero electric
field position z. on the cathode side. Electrons emitted from the vane tip approach the
anode plasma since the actual B/B.,, using the distance between the vane-tip and the anode
plasma is about 1. These electrons ExB drift over the entire anode area, thus suppressing
the electron population in the theoretical sheath region. However, at the x position of the
vane tip, they are not numerous enough to zero the electric field. Electrons emitted from
the cathode plasma presumably contribute very little to the electron presence near the
anode since the B/B, for the distance between the anode and the cathode plasmas, for the
vaned cathode configuration, is even larger than those for the planar cathode configurations
(see the values of d in Table I). The inferred values of a (>2) for the vaned configuration
implies that this phenomenon also results in an enhanced electron accumulation in the
diode gap. The enhancement in the ion current density (with respect to the planar cathode
configurations and to the theoretical solution) results from the increase in the electron

population in the gap and the electron presence near the anode rather than from the
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formation of a true virtual cathode (surface beyond which E=0) at the plane of the vane
tip as previously!® described. The possibility of an enhancement of the ion current due to
electron accumulation in the diode gap has been considered previously3Z.

We would now like to discuss the error bars indicated in Fig. 11 which were estimated
by considering the errors due to variety of sources. The error in the determination of the
actual diode gap d dominates the uncertainty in s, Nyp, B/B.,a = Ny /Ny, and J;/Jith.
This results from the great sensitivity of the calculated total electron number in the gap
Ni¢p (and the calculated ion current density Ji;;) to the diode gap. It emphasizes the need
for an accurate measurement of the actual diode gap in order to understand the charge
flow in high power diodes. We note, however, that an increase in the gap d decreases
8,Jith, and Ny, (and increases B/B,). Hence, the error bars in Fig. 11(a) indicate the
range within which a and J;/Ji:, may change together and in the same direction. The
errors in the measured J; or in the heavy-ion component in the beam (the latter is used
for the calculation of J;1, see earlier) are much smaller than the error in Jiy, which is
caused by the uncertainty in d. The error in f results from the error in E(z) and N;(z)
which are used to infer N; and N, [see Eq. (2)]. The shape of n;(z) is obtained relatively
accurately since n;(z) changes relatively slowly in the region £ > z; and it is dependent
on p(z) which is obtained by an integration of the data points. Thus, the error in N;(z)
(which is obtained by an integration of n;(z)) is mainly due to the error in the measured
Ji. In determining N;(z) the inferred zero-field point z. at the cathode side was used.
However, the uncertainty in z. modifies N;(z) only slightly, thus causing a negligible error
in the calculated electron population N, and N,.

The ion current density is often compared to the space-charge-limited value. In Table
I we compare J; to the monopolar space-charge-limited value J;. which corresponds to the
measured diode gap d. For completeness we also give J;/Jico, where J;., corresponds to
the mechanical gap d,. This ratio is usually given in discussions of intense ion beam diodes.

For the vaned-cathode configuration we use the mechanical distance between the vane tip
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and the anode, 0.65 cm, to determine J;., (again in keeping with analyses in previous
studies). We note here that the error in the relations between the ratios Ji/Jih, Ji/ Jic,
and J;/J;ic, is relatively small since the error in J; is common to these ratios, and the
errors in J;. and J;;n are about the same (both are caused by the uncertainty in d).

As seen in the table, the enhancement J;/J;. is only a few tens of percent larger
than J;/Jin since the enhance;nent Jith/Jic due to the magnetic insulation is 1.2-1.6
for our diode configurations. This results from the fact that the ratios B/B., even when
calculated using the actual diode gap, are moderately large (the B/B, for the vaned cathode
configuration given in Table I is also calculated using the zero electric field position z.).
Thus, for the planar cathode configurations, the actual enhancement J;/J;. is generally
below 2 (see Table I). For the vaned cathode configuration J;/J;. is larger (as J;/Ju is
larger). The enhancement J;/Jic, is obviously considerably larger than J;/Ji.. Also, the
relative difference between the J;/J;., values for the planar cathode configurations and
those for the vaned cathode configuration is smaller than the corresponding difference for
the J;/J;. values since the difference between the actual gap and the mechanical diode gap
is smaller for the vaned cathode configuration.

We note here that in spite of the large ion current enhancement observed for the vaned-
cathode configuration, the diode efficiency does not increase significantly (it remains near
25%) due to the increase in the electron current, as will be discussed in the next subsection.
Thus, the vaned cathode allows diode operation at a lower impedance than that of the

planar diode, but with the same efficiency.

B. Electron current distribution

Our data can be analyzed to give information about the distribution of the electron
drift current across the diode gap. The electron drift velocity V;(z) was obtained by as-
suming a laminar electron flow (based on simulation results®®) i.e.,-V, (z) = —cE(z)/B(z).

The distribution of the magnetic field B(z) was calculated (from the measured electric
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field distribution E(z) and the ion kinetic pressure across the gap) using the momentum
balance equation given by Mendel3¢. The variation of the magnetic field in our diode
is about 10% according to the model. Thus, the profile of the electron drift-velocity
| Vy(z) |= cE(z)/B(z) approximately follows that of E(z), as shown, for example, in Figs.
12 and 13 for the profiles given in Fig. 7 and 8, respectively. Also shown in these figures
are the inferred current density profiles Jy(z) =| en.(z)Vy(z) | of the drifting electrons and
the theoretical® ones Jyin(z) = enetn(z)Vytn(z). As expected, these profiles show that for
the vaned cathode configuration (Fig. 13) J,(z) spreads towards the anode more than for
the planar cathode configuration.

In a similar manner to the analysis of the electron density distribution we can obtain
quantitative information about the distribution of the drift-current density by calculating
the total drift-current in the gap (I, = f:: Jy(z)dz) and the drift-current in the region of
the theoretical electron-sheath (I, = f::_ , Jy(z)dz). Both quantities are per unit anode
length. We define the ratio 4 = I, /I, (analogous to § in Sec. VA), where 4-1 gives the
ratio between the electron current outside the theoretical electron-sheath region to that
within the sheath region. The ratio « is given in Table I and is plotted in Fig. 14. Although
the error bars are large, 4 is systematically larger for the vaned-cathode configuration. Its
value (between 2 to 9) means that the fraction of the drift-current outside the theoretical-
sheath region is between 50% and 90%, indicating substantial electron flow close to the
anode.

The inferred total drift-current I, is compared in Fig. 15 with the theoretical® drift
current Iy, = f Jytn(z)dz in the electron-sheath (the ratio I /I, is analogous to a
in Sec. VA). Also given in the figure is the diode electron current I, per unit length
of the diode, obtained by dividing the total diode electron current by the anode length.
The total experimental diode electron current is inferred from subtraction of the total ion
current (obtained from the Faraday cup measurements by assuming a uniformity of J;

over the entire anode area) from the measured total diode current. The error in I, may
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be large due to uncertainty in the actual length of the active anode area and to possible
nonuniformity of J; where the anode is “turned on”. The error in Iy is about +70,-50%
which is due to the uncertainty in the actual diode gap d. The error in the experimental
I, is estimated to be about +30%. The comparison suggests that for the planar cathode
configurations (cases 1-9) the observed I, is generally close to the predicted Iy, while for
the vaned cathode configuration (cases 10-13) it is larger. This results from the increased
electron total population in the diode gap (with respect to the theoretical one) for the

vaned configuration.
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VI. SUMMARY AND DISCUSSION

We have measured the electric field distributions E(z) across the acceleration gaps of
magnetically insulated intense ion beam diodes by observing the Stark shift of ion line-
er-"“sion. We have used planar cathode configurations and a vaned cathode configuration
in a “racetrack” shaped magnetically insulated diode.

Our measurements revealed rapid gap closure early in the pulse, resulting mainly from
the expansion of the surface-flashover-produced anode plasma, at a velocity in the range
(5-15) cm/pus. Sucha gap contraction (by about 3 mm at 35 ns into the diode voltage pulse)
considerably affects the ion current density. Johnson and collaborators3? have said that
a plasma expansion velocity of 5 to 10 cm/us throughout the voltage pulse was required
to explain the temporal impedance decrease in their applied-B ion diodes. The early fast
expansion of the anode plasma and its slower expansion later on in the pulse observed here
are not explained as yet.

The determination of the instantaneous actual diode gap d allowed us to determine the
actual ion current enhancement J;/J;. and to compare the measured E(z) distributions,
assuming planar geometry, with a one-dimensional solution for magnetically insulated gaps.
This comparison showed that the measured electric field tends to be larger close to the
anode and smaller close to the cathode than the one predicted by the Brillouin-flow model®.
The E(z) profiles together with the measured ion current densities were analyzed to study
the ion and electron density distributions in the diode gap. This analysis showed that for
the diode configurations used, the electron cloud in the gap is not confined to a narrow
sheath near the cathode; rather it migrates towards the anode. The measured E(z) profiles
were also used to infer the distribution of the electron drift-velocity and the electron-drift
current density J,(z) under the assumption of laminar E x B flow.

The enhanced electron presence near the anode may result from electron transport
due to the effects on the drifting electrons of spatial nonuniformities (such as from nonuni-

form expansion of anode and cathode plasmas) or temporal fluctuations of the electric
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field31:22:34, For the planar cathode configuration, the electron presence near the anode

does not seem to result in a significant enhancement of the ion current over the one (J;:1)
calculated® using the actual diode gap d. However, when the total electron number in .ne
gap is larger than the calculated® value (see points 6 and 9 in Fig. 11), an enhancement
Ji/Jith ~ 2 may have been observed. This is expected3?:33 if the ion current is assumed
to be space-charge-limited.

For the vaned-cathode configuration the increase of the total electron number over
the theoretical value (by a factor >2) and the electron presence near the anode are more
pronounced (about half of the electrons in the gap reside outside the theoretical sheath
region). The electron accumulation near the anode is associated with an enhancement of
about 3-8 of the measured ion current J; over the one (J;;,) predicted by a one-dimensional
Brillouin-flow-model solutions® of a magnetically-insulated configuration. While we believe
that the relative comparison between the (J;/J;) values for the planar and the vaned
cathode configurations is valid, the absolute value of J;/Ji:» has to be treated cautiously
since, as mentioned above, J; is ohtained with Faraday cups which view a small area of
the anode.

The electrons near the anode presumably are emitted from the vane and ExB drift
to cover the whole anode surface. However, they are insufficient in number to eliminate
the electric field behind the vane tip, and emission from the cathode plasma evidentally
occurs. We attempted to examine whether considerable electron accumulation near the
anode would also occur in a planar cathode configuration with d,=0.65 cm (the same as
the vane-tip-to-solid anode distance in the vaned cathode configuration) and about the
same magnetic field as that for the vaned cathode configuration. In those experiments
a considerable decrease in the diode impedance occurred. Keeping d, to be 0.65 cm
and increasing B to 8.4 kG (see lines 7-9 in Table I) prevented the impedance collapse.
However, the electron presence near the anode was less pronounced than in the vaned-

cathode configuration (a and § were not as large - see Table I), although a moderate
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increase in the electron population seems to have occurred at t=75 ns [see the points
marked g in Figs. 11(a) and 11(b)]. The implication of this result is that, for the same
diode efficiency, a vaned cathode yields higher ion currents than a planar one (i.e., it allows
diode operation at lower impedance while maintaining the efficiency). Increasing the ion
currer - th a planar cathode by applying a weaker magnetic field results in a reduction
of the diode efficiency.

For both the vaned and the planar cathode configurations the enhancement J;/J;. of
the ion current density with respect to the actual -, ace-charge-limited value (calculated
using the measured diode gap d) is a few tens of percent larger than J;/J;:n (see Table I),
since J;y;, is only 20 to 60% larger than J;. (due to the electrons in the theoretical cathode
sheath). Calculating the ion current enhancement J;/J;., (using the riechanical gap 4,)
gives, for our diode configurations, values larger by 2-4 than the actual values J;/J;.
Furthermore, the ratio J;./J;., varies for different diode configurations. Thus, in studying
ion diode operation, one has to be cautious if one compares values of the enhancement
Ji/Jieo for different configurations.

The difference between the inferred drift current density Jy(z) and the calculated
profile Jy4x(z) is also much more pronounced for th. vaned cathode configuration. Jy(z)
spreads considerably towards the anode (see the relatively large values of ~ in Fig. 14 for
the vaned cathode configuration) and the total experimental drift current I, is about twice
the calculated value Iy:n (see cases 10-13 in Fig. 15). For higher intensity diodes, such
an increase in the electron drift current and its broad distribution across the gap would
result in strong diamagnetic effects which would considerably affect the distribution of the
electron density and the ion current density, as discussed in refs. 2 and 23. In addition,
this may cause an increase of the diamagnetic currents in the anode plasma which may
affect the plasma properties.

We may compare our results to those obtained by Slutz and collaborators?® from a

computer simulation of a virtual cathode configuration operating at 1.5-2 MeV in which
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no plasma expansion was taken into account. In this study, an annular cathode geometry
was assumed, with the distance between the cathode blade and the anode corresponding to
a B/B, close to 1. This is similar to the B/B, for our vaned-cathode configuration if the
distance between the vane-tip and anode-plasma front is used. The simulation reveals an
enhancement factor of 16 for the ion current density over the space-charge-limited value.
The authors believe that about a factor 4 of this enhancement results from a substantial
motion of the virtual cathode towards the anode due to diamagnetic effects (which are
aosent in our relatively low-current diode). One would expect, therefore, that in virtual-
cathode diodes which utilize surface-flashover anode plasmas and in which diamagnetic
effects are also significant, the early gap closure would contribute to producing large en-
hancements of the ion current density (with respect to J;.,). This may serve to explain
the enhancement factors of up to 40 reported by Miller?? on the basis of accumulated data
from Proto I, Proto II, and PBFA-I.

We believe that our diagnostic tool can be utilized to obtain detailed information
about the charge flow in various high-power, high voltage devices especially if the spatial
resolution and the accuracy in measuring E(z) are improved. Better measurement accuracy
can be obtained mainly by increasing the intensity of the observed line-emission from the
gap. Either the concentration of the ion species being observed must be larger or a line
with stronger emission must be selected. For diodes powered by higher voltage pulses, the
light signal can be larger due to the higher ion current density. Also, due to the quadratic
dependence of the shift on E, the higher the electric field in the diode, the easier is the
selection of lines suitable for these measurements, since low-lying ion energy level will be
sufficiently Stark shifted. Observing emission from low-lying levels would also result in
a more intense emission from the gap. Once more intense emission in a line of interest
is achieved, it will be possible to use a larger number of fiber channels for observing
the spectral emission profile. The resulting improvement in the spectral resolution would

increase the accuracy in determining the electric field from the shifted pattern. Finally,
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if the ion beam divergence does not increase for higher electric fields, then the Doppler
broadening effect for higher voltage diodes would be much smaller, since the Stark shift
increases quadratically with E(z) while the ion transverse velocities will increase with the
square root of the voltage. For higher electric fields suitable ion lines may be: Al*+ 37134
for E about 2 MV/cm, Al** 5722 A for E about 4 MV/cm, Ct+ 4647 A for E about 4
MV/cm, and Al** 3602 A for E about 5 MV/cm. We have observed these lines in our
diode gap?5:30 but they were shifted very little under our electric fields.

Due to the great sensitivity of the charged particle flow in the diode to the actual diode
gap, the uncertainties in our data analysis were dominated by the uncertainty (+0.75 mm)
in determining the actual diode gap d (i.e., the zero-field points in the gap). Thus, an im-
provement of the spatial resolution which could also come from more intense line emission,
will significantly improve the comparison of future results with theoretical treatments®—1°.

Finally, intense line-emission will allow local measurements (perpendicular to the ac-
celeration direction) to be made since specially selected ions can be “seeded” in a localized
area of the anode for observation by our method. Furthermore, a better spatial resolution
in the axial direction can be obtained by observing a narrower region of the gap. Improve-
ment in the spectral resolution will allow measurements of smaller electric fields as long as
the Doppler broadening does not exceed the Stark shift, thus again increasing the accuracy
in determining d. Employing the laser-induced-fluorescence technique with a geometry as
previously suggested2?, is expected to result in better spectral resolution as well as sat-
isfactory spatial resolution in all directions. We believe that the improved measurements
that we are suggesting will contribute substantially to achieving an understanding of the
details of electron flow and their dependence on diode geometry in general and on the

nonuniformities in the electrode plasmas in particular.
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TABLE I

The diode voltage Vy, actual measured diode gap d, theoretical electron-sheath thick-
ness s and total electron number Ny, experimental electron numbers, N, and N, in the
entire gap and in the theoretical sheath region, respectively (see Sec. VA), the correspond-
ing ion numbers Ny; and N,;, and the ratios & = N, /Ny, and 8 = Ny /N,. Also given are
the measured ion current density J;, the actual B/B,, the actual ion current enhancements
Ji/Jitn and J;/Jic, the ratio J;/Jico, and the ratio 4 between the experimental total elec-
tron drift current in the diode gap to the current in the theoretical sheath region, for the
three planar cathode configurations and the vaned-cathode configuration at 3 or 4 times

during a pulse.
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FIGURE CAPTIONS

Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Fig. 5:

Fig. 6:

(a) Method for measuring the electric field E in the acceleration gap of a magnetically
insulated diode. (b) An end view of the ion diode showing the location of the cathode
vane and the anode ion emission region. (c) Schematic illustration of the planar
magnetically insulated ion diode and the optical arrangement. The distance of the
observation region from the anode is varied by moving the mirror M in the z direction.
Typical inductively corrected diode voltage (monitored by a capacitive probe) and
diode current waveforms.

(a) Spectral profile of the 4ds;; — 4p3/; Al* emission from the anode plasma
(z=0.15 cm) at t=70 ns. The zero-field wavelength is 4529.2 A. The initial A-K
gap (d.) was 0.65 cm, the peak diode voltage was about 300 kV, and B was 8.4kG.
The spectral window of each fiber channel was 0.67 A. (b) Profile of the emission from
the acceleration gap: £=0.375 cm and t=65 ns. The lines in (a) and (b) indicate the
trend.

Calculated spectral profiles for the 4ds/, — 4p3/; Al™* emission for three electric
fields with B=0. Each of the components of the shifted emission was assumed to
be Gaussian-like with a FWHM of 1.3 A due to Doppler broadening. The zero-field
wavelength is 4529.2 A.

The measured electric field distribution E(z) for a planar diode configuration with
do=0.75 cm is shown at the three times 35, 55, and 75 ns in (a), (b), and (c) respec-
tively. (d) The electric field profile for a similar configuration but with a different
applied magnetic field B. The solid anode surface is at z=0 and the cathode surface
is indicated by C. Each point is an average of two discharges.

Measured E(z) profiles at two times for a vaned-cathode configuration with d,=1cm,
peak diode voltage about 280 kV, and B=6.6 kG. The solid anode surface is at z=0
and the cathode is indicated by C. Each point is an average of two discharges. The

vane projected 0.35 cm off the cathode surface, as indicated by the line [.
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Fig. 7: The solid lines in (a), (b), (c), and (d) are simply smooth curves drawn through the
data points (open circles) from Figs. 5 (a), (b), (c), and (d), respectively. The dashed
lines are calculated® E(z) profiles (see Sec. VA) using the instantaneous diode gap
d = z.— z,, where z, and z. are the zero-field points on the anode and cathode sides,
respectively.

Fig. 8: The sanie as Fig. 7 but for the data in Fig. 6 (vaned configuration).

Fig. 9: Electron density profiles n.(z) inferred from the E(z) profiles in Fig. 7. Also shown
are the corresponding Brillouin-flow® profiles calculated using the actual diode gap d.

Fig. 10: Electron density profiles inferred from the E(z) profiles in Fig. 8 and the correspond-

ing Brillouin-flow® profiles.

Fig. 11: The ion current density enhancement J;/Jin (With Jiup calculated® using the actual
diode gap d) as a function of a and B for the cases listed in Table I. The circles
belong to rows 10-13 (vaned-cathode configuration). The points marked by 6 and 9
correspond to rows 6 and 9 in Table I, respectively.

Fig. 12: Profiles of the electron drift velocity | Vy(z) | and the drift current density Jy(z) in-
ferred from the E(z) profiles in Fig. 7. Also shown are the corresponding theoretical®
current densities Jy¢h(z).

Fig. 13: Profiles of | Vy/(z) |, Jy(z), and Jys(z) for the cases in Fig. 8.

Fig. 14: The ratio v = I,/I,, for the cases listed in Table I. The numbers along the ordinate
are the row numbers in the table. The circles correspond to rows 10-13 in Table I
(vaned configuration).

Fig. 15: The total electron drift current I,, obtained from integration of Jy(z) and the corre-
sponding calculated total drift current Iy¢x for the cases listed in Table I. Also shown

is the diode electron current I, per unit anode length.
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Table 1
No. CONFIGURATION t Va d s N N,
(ns) | (&V) | (em) | (em) [(&5)] (1Zx)
1 Planar Cathode 35 356 0.425 | 0.15 .1 7.4
+5ns | +10% | +£0.075| +£0.04 | +40% | +15%

2 o =0.75 cm 55 355 0.425 0.15 8.1 8.4
B = 8.0 kG

3 75 306 0.375 0.14 8.2 8.3

4 Planar Cathode 35 310 0.425 | 0.18 7.6 7.9

5 do=0.75 cm 55 300 0.425 0.17 7.2 7.8
B=6.7 kG

6 75 245 0.375 0.15 6.8 8.0
Planar Cathode 35 295 0.35 0.13 8.4 9.4
d.=0.65 cm 35 270 0.35 0.11 7.7 9.1
B = 8.4 kG

9 75 230 0.35 0.09 5.2 9.5

10 Vaned Cathode 35 260 0.475 |} 0.13 4.7 13.9

11 do=1cm 45 260 0.475 0.13 4.7 13.5
B = 6.6 kG

12 55 245 0.475 0.12 4.3 12.8

13 65 230 0.475 0.12 4.0 12.3

TABLE 1

The diode voltage V4, actual measured diode gap d, theoretical electron-sheath thick-
ness s and total electron number Ny, experimental electron numbers, N, and N, in the
entire gap and in the theoretical sheath region, respectively (see Sec. VA), the correspond-
ing ion numbers Ny; and N,;, and the ratios a = Ny /Ny, and f = N, /N,. Also given are
the measured ion current density J;, the actual B/B., the actual ion current enhancements
Jif Jisn and J;/J;c, the ratio J;/J;co, and the ratio 4 between the experimental total elec-
tron drift current in the diode gap to the current in the theoretical sheath region, for the
three planar cathode configurations and the vaned-cathode configuration at 3 or 4 times
during a pulse.
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Table 1
NO. CONFIGURATION Ngi N, Ng; «a [¢] B/B.
11 11 11
(| (2] (=)
1 Planar Cathode 1.5 6.3 0.6 0.91 1.2 1.5
+15%| +15%| +15% | F28% | *42% | 120%

2 d,=0.75 ¢cm 2.1 6.4 0.9 1.0 1.3 1.5

B=8.0 kG
3 2.0 5.9 0.9 1.0 1.4 1.4
4 Planar Cathode 2.6 6.3 1.5 1.0 1.3 1.3
5 d.=0.75 cm 2.8 58 1.4 1.1 1.3 1.4

B=6.7 kG
6 3.5 6.5 2.0 1.2 1.2 1.4
7 Planar Cathode 2.7 7.1 1.5 1.1 1.3 1.4
8 d,=0.65 cm 3.1 5.8 1.4 1.3 1.6 1.5

B=8.4 kG
9 4.2 4.3 1.4 2.0 2.2 1.7
10 Vaned Cathode 9.7 5.5 2.9 3.0 2.5 1.6
11 do=1cm 9.7 5.5 2.8 2.9 2.5 1.6

B=6.6 kG
12 9.0 5.5 3.0 2.9 2.3 1.7
13 9.3 5.3 2.9 3.1 2.3 1.7
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Table 1
NO. | CONFIGURATION J; il B 7= |
(A/cm?) s e
1 Planar Cathode 30 0.5 0.7 2.2 1.3
s18% [03% | 155 | dos0p| 21005
2 do=0.75 cm 43 0.8 1.1 3.5 1.3
B=8.0 kG
3 40 0.7 1.0 4.4 1.4
4 Planar Cathode 46 1.0 1.5 4.7 1.3
5 d,=0.75 cm 52 1.1 1.8 5.5 1.4
B=6.7 kG
6 72 1.5 2.8 11.0 1.5
7 Planar Cathode 65 0.9 1.5 5.0 1.6
8 do=0.65 cm 65 1.1 1.4 4.8 2.4
B=8.4 kG
9 80 2.1 2.4 8.2 3.9
10 Vaned Cathode 120 4.7 6.0 11 5.2
11 do=1cm 120 4.6 5.8 11 4.6
B=8.6 kG
12 120 5.0 6.0 11 5.2
13 120 5.5 6.6 12 4.8
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Fig. 1: (a) Method for measuring the electric field E in the acceleration gap of a
magnetically insulated diode. (b) An end view of the ion diode showing the
location of the cathode vane and the anode ion emission region. (¢) Schematic
illustration of the planar magnetically insulated ion diode and the optical ar-
rangement. The distance of the observation region from the anode is varied by

moving the mirror M in the z direction.
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Fig. 2: Typical inductively corrected diode voltage (monitored by a capacitive probe)
and diode current waveforms.
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Fig. 3: (a) Spectral profile of the 4d5/, — 4p3/2 Al** emission from the anode plasma
(z=0.15 ¢cm) at t=70 ns. The zero-field wavelength is 4529.2 A. The initial
A-K gap (d,) was 0.65 cm, the peak diode voltage was about 300 kV, and B
was 8.4kG. The spectral window of each fiber channel was 0.67 A. (b) Profile -
of the emission from the acceleration gap: £=0.375 cm and t=65 ns. The lines
in (a) and (b) indicate the trend.
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Fig. 4: Calculated spectral profiles for the 4dg/; — 4p3/2 Al** emission for three
electric fields with B=0. Each of the components of the shifted emission was
assumed to be Gaussian-like witha FWHM of 1.3 A due to Doppler broadening.
The zero-field wavelength is 4529.2 A.
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Fig. 5: The measured electric field distribution E(z) for a planar diode configuration
with d.=0.75 cm is shown at the three times 35, 55, and 75 ns in (a), (b), and
(c) respectively. (d) The electric field profile for a similar configuration but
with a different applied magnetic field B. The solid anode surface is at z=0
and the cathode surface is indicated by C. Each point is an average of two
discharges.
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Fig. 6: Measured E(z) profiles at two times for a vaned-cathode configuration with
d.=1cm, peak diode voltage about 280 kV, and B=6.6 kG. The solid anode
surface is at z=0 and the cathode is indicated by C. Each point is an average
of two discharges. The vane projected 0.35 cm off the cathode surface, as
indicated by the line /. '
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Fig. 7: The solid lines in (a), (b), (c), and (d) are simply smooth curves drawn through the
data points (open circles) from Figs. 5 (a), (b), (c), and (d), respectively. The dashed
lines are calculated® E(z) profiles (see Sec. VA) using the instantaneous diode gap

d = g, — z,, Where z, and z, are the zero-field points on the anode and cathode sides,
respectively.
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Fig. 8: The same as Fig. 7 but for the data in Fig. 6 (vaned configuration).
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Fig. 9: Electron density profiles n.(z) inferred from the E(z) profiles in Fig. 7. Also
shown are the corresponding Brillouin-flow® profiles calculated using the actual
diode gap d.
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Fig. 11: The ion current density enhancement Ji/Jitn (with Jien calculated® using the
actual diode gap d) as a function of a and f for the cases listed in Table I. The
circles belong to rows 10-13 (vaned-cathode configuration). The points marked
by 6 and 9 correspond to rows 6 and 9 in Table I, respectively.
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Fig. 12: Profiles of the electron drift velocity | V;(z) | and the drift current density Jy (z)
inferred from the E(z) profiles in Fig. 7. Also shown are the corresponding
theoretical® current densities Jy (z).
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Fig. 13: Profiles of | V,(z) |, Jy(z), and Jyen(x) for the cases in Fig. 8.
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Fig 14: The ratio v = I,/I,, for the cases listed in Table I. The numbers along the
ordinate are the row numbers in the table. The circles correspond to rows
10-13 in Table I (vaned configuration).
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Fig. 15: The total electron drift current I, obtained from integration of J (z) and the
corresponding calculated total drift current I;;s for the cases listed in Table I.
Also shown is the diode electron current I, per unit anode length.




